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We report measurements of the four terminal temperature dependent resistance of narrow Au
wires implanted with 100 ppm Fe impurities in proximity to superconducting Al films. The wires
show an initial decrease in resistance as the temperature is lowered through the superconducting
transition of the Al films, but then show an increase in resistance as the temperature is lowered
further. In contrast to the case of pure Au wires in contact with a superconducting film, the
resistance at the lowest temperatures rises above the normal state resistance. Analysis of the data
shows that, in addition to contributions from magnetic scattering and electron-electron interactions,
the temperature dependent resistivity shows a substantial contribution from the superconducting
proximity effect, which exists even in the presence of strong spin scattering.
PACS numbers: 74.45.+c, 74.78.Na, 72.15.Qm, 74.80.Dm
The properties of a normal metal in contact with a su-
perconductor are modified by the superconducting corre-
lations induced by the proximity effect. Microscopically,
these correlations arise from phase coherent Andreev re-
flection of electrons in the normal metal at the normal
metal/superconductor (NS) interface [1]. In diffusive
normal-metal samples whose dimensions are less than or
comparable to the electron phase coherence length Lφ,
these correlations give rise to a non-monotonic depen-
dence of the resistance as a function of temperature be-
low the transition temperature Tc of the superconductor,
the so-called reentrance effect. The resistance initially
decreases as the temperature is lowered, reaches a mini-
mum at some intermediate temperature Tmin, and then
increases as the temperature is lowered still further.
The temperature Tmin at which the minimum is ob-
served is determined by the Thouless energy Ec =
h¯D/L2, where D = vF ℓ/3 is the electron diffusion con-
stant, vF the Fermi velocity, ℓ the elastic mean free path
in the normal metal, and L is the length of the normal
wire [2]. In the absence of electron-electron interactions,
the resistance is expected to approach its normal state
value Rn at T = 0. In the presence of electron-electron
interactions, the resistance can be either less or greater
than Rn, depending on whether the attractions are at-
tractive or repulsive [3, 4]. Experimentally, reentrant be-
havior has been observed in many experiments on NS and
superconductor/semiconductor (N-Sm) structures [5, 6].
Theoretically, the presence of long-range electron phase
coherence is thought to be critical for the existence of the
superconducting proximity effect. The electron phase co-
herence in the normal metal Lφ provides an upper cutoff
for penetration of superconducting correlations into the
normal metal [3]. Consequently, in systems in which Lφ is
short, the proximity effect is expected to be correspond-
ingly suppressed.
In this paper, we report on measurements of the tem-
perature dependent resistanceR(T ) of Au wires with 100
ppm magnetic Fe impurities in contact with an Al film.
FIG. 1: (a) Micrograph of a typical AuFe wire in proximity
to a Al film. (b) Schematic of probe configuration.
The wires are designed in a four-terminal configuration so
only the normal metal wire itself (and not the NS inter-
face) is measured. The wires show an initial decrease in
resistance as the temperature is lowered through the su-
perconducting transition of the Al films. As the temper-
ature is lowered still further, the resistance of the AuFe
wires starts to increase, and finally rises above the nor-
mal state resistance at the lowest temperatures. Analysis
of the Kondo and electron-electron interaction contribu-
tions to the resistivity show that a substantial contri-
bution to R(T ) is associated with the superconducting
proximity effect, in spite of the fact that the presence of
the magnetic impurities is expected to drastically atten-
uate Lφ.
The two AuFe wires discussed in this paper were pat-
terned by multilevel electron beam lithography onto oxi-
dized Si substrates. They form part of a sample designed
to investigate the size dependence of the thermopower
in the Kondo effect. These results will be discussed in
a later publication; here we concentrate on the temper-
ature dependent resistance of the two AuFe wires that
were used as thermometers in the experiment. In the first
level of lithography, a 51-nm-thick film was deposited by
thermal evaporation from a 99.999%-pure Au target. Af-
ter this, the entire Au film was implanted by Fe ions to
a concentration of ∼ 100 ppm. Finally, a 75-nm-thick Al
2film was deposited as the superconductor. Figure 1(a)
shows scanning electron micrograph of one of the AuFe
wires. The two wires had lengths of 0.5 µm and 1.0 µm,
and a width of 160 nm. Four leads attached to the wires
enabled us to perform four-terminal resistance measure-
ments on the normal metal by itself (see the schematic if
Fig. 1(b)); a fifth lead was overlaid with a 75 nm thick Al
film to induce a proximity effect in the wire. The resistiv-
ity of the Au film at T =1 K was ρ0 = 3.52 µΩ-cm, and
the thermal length LT =
√
h¯D/kBT ≈ 0.29 µm at 1 K.
The measurements were performed in a dilution refrig-
erator and all electrical terminals were carefully shielded
to minimize unwanted noise effects.
Figures 2(a) and 2(b) show R(T ) of AuFe wires of
length 0.5 µm and 1.0 µm respectively. Both wires show
a sharp drop in resistance at approximately 1.2 K, the
temperature Tc at which the Al films in contact with the
wires go through their superconducting transitions. It
should be noted again that, due to the four-terminal na-
ture of the measurement, this drop in resistance at Tc
is associated with the Au wire, and not an inadvertent
measurement of the resistance of the Al film. This indi-
cates that the drop in resistance below Tc that we observe
is indeed associated with the superconducting proximity
effect.
Below T ≃0.8 K, the resistance of both wires increases
rapidly, rising above the normal state resistance at lower
temperatures. At the lowest temperatures, the resistance
eventually decreases, resulting in a small peak at T ≃60
mK. To discuss the possible origins of this temperature
dependence, it is instructive to plot the data for the two
wires in terms of changes in the resistivity from the nor-
mal state resistivity. These data are shown in Fig. 3.
Plotted in this manner, it can be seen that the resistivity
changes for the two wires differ substantially only below
0.8 K.
In addition to the proximity effect, three other ef-
fects may contribute substantially to the low temperature
R(T ): weak localization (WL), electron-electron interac-
tions (EEI), and scattering by magnetic impurities. In
one dimension. the functional form of the WL contribu-
tion to the resistivity can be written as [7]
∆ρWL =
ρ2
0
πh¯/e2
Lφ
A
(1)
where A = 8.16 × 10−11 cm2 is the cross-sectional area
of the wires. (Since we are interested here only in es-
timating in the total size of the contribution, we ignore
the effects of spin-orbit scattering.) The temperature de-
pendence of the WL contribution is determined by the
temperature dependence of Lφ, which in turn is deter-
mined by the temperature dependence of the magnetic
scattering time τs. Although there has been a tremen-
dous amount of interest recently in the role of magnetic
scattering in electron coherence [8], for our discussion,
we are interested only in an upper bound on the WL lo-
calization contribution. We therefore choose Lφ ≃ 1 µm
as an upper limit over the temperature range of interest,
FIG. 2: (a) Resistance of the 0.5 µm long AuFe wire, as a
function of temperature (b) Resistance of the 1.0 µm long
wire, as a function of temperature.
a value is consistent with recent experiments on WL in
AuFe wires with concentrations comparable to those in
our samples [9]. Using values for our samples, this gives
an upper limit of ∆ρ ≃ 1 nΩ-cm for the total change in
resistivity due to WL below T = 0.8 K. This is a small
contribution to the total change in resistivity shown in
Fig. 3.
The one-dimensional form of the EEI contribution can
be written in a form similar to Eq.(1): [10, 11]
∆ρee = α
ρ2
0
πh¯/e2
LT
A
(2)
where α is a parameter of order unity, which has been
found to be approximately 1.5 for Au [12]. Again, the
total change in resistivity due to electron-electron inter-
actions is only ∆ρ ≃ 1 nΩ-cm. Consequently, the contri-
butions to the resistivity due to either WL or EEI effects
is negligible in our experiment, and will be ignored in our
analysis.
The last contribution of importance is associated with
scattering by magnetic impurities. For dilute concen-
trations of magnetic impurities, where the magnetic in-
teractions between impurities can be ignored, scattering
of electrons off the magnetic impurities gives rise to a
3FIG. 3: (a) Data of the two wires of Fig. 2, plotted in terms of
change of resistivity. Open triangles, 0.5 µm long wire; open
circles, 1.0 µm long wire. Solid line is a fit to the Kondo resis-
tivity, Eq. (3), with a Kondo slope of 0.12 nΩ-cm per ppm per
decade of temperature, as discussed in the text. (b) Data for
the two wires as in (a), with the Kondo resistivity represented
by the solid line in (a) subtracted from both curves.
contribution to the temperature dependent resistance,
the so-called Kondo effect. At temperatures far above
the characteristic Kondo temperature TK of the specific
metal/magnetic-impurity system, the Kondo effect gives
rise to a logarithmic contribution to the temperature de-
pendent resistivity[13]:
∆ρK ≃ −ρK ln(T/TK) (3)
where ρK is a constant for a specific metal/magnetic-
impurity system, and has been determined to be 0.11-
0.17 nΩ-cm per decade of temperature change per ppm
of Fe impurities in a Au host [14]. At lower tempera-
tures, in the unitarity limit of the Kondo effect, the resis-
tance due to magnetic scattering is expected to approach
a constant value quadratically with the temperature T as
T → 0 [15]. However, this single impurity limit behavior
is frequently masked by the effect of RKKY interactions
between the magnetic impurities, which tend to freeze
the magnetic impurity spins in random orientations as
the temperature is reduced below a characteristic tem-
perature Tf [16]. Below Tf , the resistance of the metal
decreases as the magnetic scattering is frozen out.
The ∆ρ(T ) curves for both wires in Fig. 3 show be-
havior that is at first sight consistent with magnetic scat-
tering, i.e., the resistance first increases as the tempera-
ture is decreased below T ≃ 0.8 K, reaches a maximum
at around T ≃ 60 mK, and then decreases below this
temperature. However, if this temperature dependence
is solely due to scattering by magnetic impurities, then,
according to Eq. (3), the ∆ρ(T ) curves for both wires
should be the same, since both wires have the same mag-
netic impurity concentration; indeed, they are part of the
same sample, separated by a distance of less than 5 mi-
crons. In fact, the slope of ∆ρ(T ) for the 1 µm long wire
between 0.2 K and 0.8 K is about a factor of 1.65 larger
than the corresponding slope for the 0.5 µm long wire,
and the slope for even the 0.5 µm long wire is a factor of
two larger than expected for scattering by only magnetic
impurities.
For a quantitative estimate of the contribution to the
resistivity due to the Kondo effect, we choose a value of
ρK in Eq. (3) to match the slope of the resistivity of
both Au wires above Tc, where the contribution from the
superconducting proximity effect is absent, obtaining a
value of ∆ρK = 0.12 nΩ-cm per decade of temperature
change per ppm. This value is in good agreement with
previous work on ion-implanted AuFe wires of similar
concentration [12]. The solid line in Fig. 3 shows the
resulting logarithmic contribution due to the Kondo ef-
fect using this value of the slope. The contribution due
to the Kondo slope is clearly much less than the resistiv-
ity change in either wire. Of course, this simple analy-
sis does not capture the reduction in resistivity at very
low temperatures, which arises from suppression of mag-
netic scattering due to the incipient formation of a spin-
glass. Theoretical models have been developed that take
into account both the Kondo and spin-glass effects [17];
these models predict that there is a universal function
that describes the resistivity for samples of a particular
metal/magnetic-impurity system with a specific impu-
rity concentration. However, there is some question as
to the applicability of these models to disordered meso-
scopic samples [18], and in any case, the presence of the
superconducting proximity effect makes a quantitative
comparison to this theory difficult. We shall therefore
focus on a qualitative discussion of the low temperature
resistivity of the wires, attempting to draw some general
conclusions about the superconducting proximity effect
in the presence of magnetic impurities.
In terms of resistivity, the Kondo and spin-glass con-
tributions due to magnetic scattering should be the same
for both wires. Consequently, the difference between the
resistivity of the two wires shown in Fig. 3(a) arises
primarily from the superconducting proximity effect (we
have noted earlier that the WL and EEI contributions are
small). In order to emphasize this difference, we show in
Fig. 3(b) the data for the two wires of Fig. 3(a), with
the logarithmic Kondo contribution represented by the
solid line in Fig. 3(a) subtracted. Unfortunately, un-
like the WL or EEI contributions, there is no simple an-
alytical expression to determine the contribution of the
superconducting proximity effect. Estimating this contri-
4bution would require a numerical solution of the Usadel
equation for our particular geometry. However, one can
qualitatively compare the temperature dependence seen
in Fig. 3(b) to the behavior expected for a normal metal
wire in contact with a superconductor.
For a wire of length L < Lφ connected to a supercon-
ducting reservoir by a perfectly transparent interface on
one end, and a normal-metal reservoir on the other, the
overall change in resistance is typically ≃ 0.1Rn. This
value is reduced as the transparency of the NS interface
decreases, although the temperature Tmin at which the
minimum in resistance is observed does not change appre-
ciably. Lφ acts as an upper length scale for the proximity
effect; if L > Lφ, the effective length of the wire can be
considered to be Lφ. For a constant Lφ < L, this has two
consequences in comparison to the case Lφ > L. First,
Tmin increases, and second, the overall change in resis-
tance decreases, since now only a fraction Lφ/L of the
wire contributes to the proximity effect. Lφ in our sam-
ples is expected to be shorter in comparison to normal
metals with no magnetic impurities, due to the enhanced
dephasing introduced by them. The overall change of
0.5% of Rn at low temperatures observed in our samples
is consistent with resistance changes observed in previous
experiments on proximity-coupled normal metals, if Lφ
is short, but not negligible.
If Lφ is less than L and itself varies with tempera-
ture, the temperature dependence of the proximity effect
might be expected to be far more complicated. To our
knowledge, this regime has not been discussed in detail
theoretically or experimentally [19]. Experimentally, of
course, Lφ is in general temperature-dependent. In the
absence of magnetic impurities, Lφ is observed to increase
as a power law with decreasing T , eventually saturating
at low temperatures in some experiments [8]. In the pres-
ence of strong magnetic scattering, Lφ may have a non-
monotonic temperature dependence, associated with the
peak in spin-flip scattering at TK due to the Kondo ef-
fect [9, 20, 21, 22]. Thus, the temperature dependence of
the proximity effect contribution to the resistance may
directly reflect the temperature dependence of the mech-
anisms that contribute to electron decoherence in disor-
dered normal metals, both with and without magnetic
impurities. Consequently, although it is tempting to as-
cribe the increase in resistance above Rn that we observe
in our samples to the presence of electron-electron in-
teractions as described in the conventional theory of the
proximity effect, we believe that a full understanding of
the low temperature resistance anomalies requires further
theoretical and experimental investigation.
In summary, we have measured the temperature de-
pendent resistance of 100 ppm AuFe wires that are in
close contact with a superconducting film. In addition to
the contribution due to scattering from magnetic impu-
rities, a significant contribution to the low temperature
resistance comes from the superconducting proximity ef-
fect, which exists even in the presence of strong spin
scattering. The temperature dependence of this latter
contribution is unusual, and we believe it arises from the
temperature dependence of the underlying mechanisms
that contribute to the loss of electron phase coherence in
disordered normal metals.
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